ABSTRACT. Whenrat 3Y1 fibroblastic cells are cultured toward con fluency, the cells go through maximum cell density (overshoot) before reaching post-confluence stationary cell density. After overshooting, a number of floating cells are found in the medium. In a long-term culture, a cyclic change in cell number, an increase after each mediumrefreshment and subsequent cell loss within a few days has been observed so that the cell populations in the monolayer maintain post-confluence stationary cell density at a constant level. The floating cells excluded trypan blue, but they had no ability to attach to the substrate and to form colonies after being reseeded in fresh medium. They had condensed and uniformly electron-dense chromatin with sharply circumscribed edges. Their DNAcontained a laddering pattern in harmony with internucleosomal cleavage. The features were those of apoptosis. Whenfloating cells appeared, apoptotic bodies were also observed in the monolayer. Most of them were found within the cytoplasm of intact cells, suggesting that apoptotic bodies were also faded away from the culture by being rapidly engulfed by neighboring intact cells. These suggest that apoptosis and subsequent detachment from the monolayer or engulfment by neighboring intact cells, in addition to inhibition of cell division, are basic mechanisms on the process of density-dependent regulation in monolayer culture of rat 3Y1 cells.
It has long been assumed that cells must be lost continuously from many normal tissues to retain balance in the process of cell division. A number of apoptotic bodies have been found in histological sections of many healthy animal tissues and many believe that apoptosis plays an important role in the regulation of normal cell populations (1; for review see ref.
2). In tissue cultures, "normal" cell lines stop dividing at stationary cell densities proportional to the serumconcentration in the culture medium, which is knownas "contact inhibition"
or "density-dependent inhibition" of cell division (3).
There has been considerable discussion in the literature about mechanisms which lead to density-dependent inhibition of cell division in cultures of normal animal cells (3-6); by contrast little attention has been paid to controlled cell deletion. The adjustment of stationary cell densities in normal cell cultures may be determined not only by inhibition of cell division but also cell loss from the monolayer. Primary cultures of rabbit uterine epithelial cells exhibit cyclic changes in DNAcontent and cell number throughout extended periods of culturing (7). Cell death in primary uterine epithelial cell cultures has features of apoptosis both morphologically and biochemically (8) and coordinated regulation of cell proliferation and apoptosis has been proposed in order to maintain homeostasis in the total culture mass of normal primary or early passage cell cultures (7, 8, 9) . However, it has been questioned whether some established cell lines mayalso exhibit coordinated regulation of apoptosis and cell proliferation under standardized culture conditions because they were selected on the basis of continuous proliferation (9). The mouse immortalized 3T3 cell line has been known to go through maximumcell density before reaching stationary cell density by net cell loss and that, during cell loss, it has been observed that some cells become pyknotic, detached from the substratum and disintegrate, suggesting that a density-dependent cell death is an important process during adjustment of stationary cell density (10). Several reports describe apoptosis as occurring in a variety of established cell lines other than thymocytes or lymphocytes under specific nutritional conditions such as the deprivation of serum or growth factors (ll, 12) or in the presence of inhibitors of cell cycle progression (13). The rat 3Y1 cell line (14) is diploid fibroblastic cell line with high serum requirements. The cells stop synthesizing DNAand are arrested in a G1/G0 state displaying a typical "cobblestone" appearance at saturation densities which are dependent on serum concentrations. This cell line has been used as a model system for studying the regulation of "normal" cell proliferation (15, 16, 17, 18, 19) . When 3Y1 cells are culturedtoward con fluency, cell numbers go through maximumcell density (overshoot) before reaching postconfluence stationary cell density. In a long term culture with renewals of medium of 10% serum once a week, the 3Y1 cells showed a cyclic change in cell number, an increase after each mediumrefreshment and a decrease equivalent to the increase within a few days (20). However, their chemically transformed sublines showed a stepwise increase in cell numberresulting from a reduction or a diminution of cell loss rather than enhanced cell division after mediumrenewals (20). This phenomenonsuggested to us that coordinated regulation of cell division, density-dependent inhibition of cell division and density-dependent cell death are part of a basic process in maintaining post-confluence stationary cell density at a constant level in "normal" cell culture. Basically, in this paper, we want to discuss our findings on whether or not apoptosis is involved in the maintenance of postconfluence stationary cell density.
MATERIALS AND METHODS
Cell Culture. A clonal diploid fibroblastic cell line established from a Fischer rat embryo, 3Y1-B clone 1-6 (referred to as 3Y1) (14) was cultivated in a 35, 60 and 90 mmplastic dish (Sumitomo Bakelite, Tokyo) in 2, 5 or 13.5 ml of Dulbecco's modified Eagle's medium (GIBCO, Berkeley, Calif.), respectively, with 500 IU/ml penicillin G, 100 mg/ml streptomycin sulfate and 10% fetal bovine serum in humidified air containing 10% CO2 at 37°C. Dispersion of cells for cell transfer and cell number determination was done using 0.05% trypsin and 0.54 mMEDTAin Ca2+ and Mg2+ free phosphate-buffered saline (PBS). Cell number was determined with a hemocytometer. Toexamine cell viability, a dye exclusion test was done using trypan blue. Nuclear staining by 33258 Hoechst and acridine orange. To stain the nucleus of cells in the monolayer, cells were washed with PBS twice, fixed in 3.7% formaldehyde for 10 min, and stained with Hoechst 33258 (500 ng/ml in PBS) at room temperature for 30 min. To stain floating cells in the medium, the mediumwas transferred into a conical plastic tube and cells were fixed by the addition of 1/10 vol of 37% formaldehyde solution for 10 min and then contrifuged at 1,000 rpm for 10 min. Cells were resuspended in PBS, stained with 500 ng/ml Hoechst 33258. Acridine orange has been reported to selectively stain apoptotic forms of cell death in Drosophila embryos (20) . Cells on monolayer were fixed and were stained with acridine orange at a final concentration of 5 ptg/ml in PBSat roomtemperature. Stained cells were observed under a fluorescence microscope (Olympus BH-2) at an excitation wavelength of UV(33258 Hoechst) or at an excitation wavelength of B (acridine orange).
Electron microscopy. For observation of cells in the monolayer, cells were cultured on a plastic-sheet (WakoPure Chemical Industries, Ltd) and were fixed in 2.5% glutaraldehyde in PBS for 30 min after gently rinsing the monolayer twice with PBS. Floating cells were collected from the medium by centrifuging at 1,500 rpm for 5 min. After washing in PBS, cells were fixed in 2.5% glutaraldehyde in PBS for 30 min at room temperature and washed twice with PBS. The cell suspension was dropped on a plastic-sheet coated with 0.1% poly-L-lysine, and cells were allowed to attach to the substrate for 5 min. Cells cultured on the plastic-sheet and floating cells attached on the plastic-sheet were post-fixed with 1% OsC>4 in PBS for 30 min, washed in PBS for 5 min three times, treated with 0.2% tannic acid for 30 min, and then washed in distilled water three times. The plastic-sheet was cut into small pieces of 5 x 10 mm. Cells on the plastic-sheet were dehydrated in 50, 70 and 90% ethanol for 10 min each and absolute ethanol for 5 min three times. These plastic-sheets with cells were embedded in epoxy resin, and thin (90 nm) sections were prepared in parallel or perpendicular to the surface of the substratum. The sections were stained with uranyl acetate and lead citrate and then observed under a Hitachi HU-12electron microscope at 100kv. DNAextraction and agarose gel electrophoresis. Cells cultured in a 90 mmdish were washed with PBS, harvested with a cell scraper and pelleted. Cells floating in the mediumwere collected from about twenty 90 mmdishes, centrifuged at 2500 rpm for 10 min and, after washing with PBS, were pelleted. The pellets were lysed with 1 ml of 1 mMEDTA,10 mMTris-HCl (pH 7.5) containing 0.5% SDS and 0.1 mg/ml proteinase K. After incubation for 4 h at 50°C, the lysate was washed with phenol-chloroform. The DNAsolution was then incubated with 0.02 mg/ml RNase A for 1 h at 37°C. Samples were electrophoresed on a 1.5% agarose gel. The DNAwas stained with ethidium bromide.
RESULTS
Proliferation of3 Y1cells in a long term culture and the morphological appearance offloating cells in the medium. Whenthe 3Y1 cells were inoculated at alow cell density in medium with \0% FBS, the cells proliferated exponentially and then reached an initial saturation density of around 1 x 106 cells/60 mmdish. Before reaching saturation density, the cell population passed through a /dish. The cultures then reached the second saturation density of about 1.5 x lOVdish by decreasing a cell number. Afterward, the 3Y1 cultures maintained the second saturation density at a constant level with a cyclic change in cell number, increasing upon mediumrenewals and decreasing equivalent to the increase within a few days (Fig. 1) , confirming our previous observation (20) . Whenthe cultures went from the maximumcell density to the saturation cell density, a number of floating cells in the medium were observed (Fig. 2) . The floating cells were round but the sizes were variable and smaller than the mitotic cells. They were viable in terms of the trypan blue dye exclusion but the cells reseeded in fresh medium were unable to attach and to proliferate. Hoechst staining showed that all floating cells observed so far had pyknotic remnants of nuclei or multiple micropyknotic nuclei (Fig. 3) . Electron microscopy revealed condensed and uniformly dense chromatin in the floating cells (Fig. 4a) . The margins of the chromatin were sharply circumscribed. The cytoplasm had multiple vacuoles. The morphological features of the nuclei in the floating cells were analogous to apoptotic bodies (1 , 2). On a thin section prepared perpendicularly to the surface of the substratum, we have found a cell just detaching from the substratum. The cell contained condensed chromatin and multiple vacuoles in cytoplasm (Fig. 4b) , showing that the floating cells are detached from the monolayer after undergoing apoptotic process.
DNA fragmentation.
To examine whether extracted DNAfrom the floating cells revealed a banding pattern that would indicate internucleosomal cleavage similar to that found in thymocytes (23, 24), a medium containing floating cells was collected from twenty 90 mmdishes. Gel electrophoresis of extracted DNAfrom the floating cells revealed a diffuse smear appearing but contained a characteristic "ladder" at a low molecular fragment region (Fig. 5) . Wenoticed that DNAisolated from cells on the monolayerat the maximum cell density showed a more typical "ladder" with discrete strand length. The strand break distribution is in close agreement with double-strand break intervals of 180-200 bp reported by apoptotic DNAisolated from thymocytes (24) .
Engulfment of apoptotic corpuscles by intact cells. Because the laddering was more pronouncedin monolayer cells at the maximum cell density, we have morphologically observed cells in the monolayer by Hoechst staining. The pyknotic nuclei or multiple frag- merited nuclei as observed in floating cells were detected on the density-maximum population. Most of the pyknotic cells were observed to be in contact with another intact nucleus, as if the pyknotic cells were pushing against the intact nucleus. When the monolayer of density-maximum population was stained with acridine orange, apoptotic cells stained brightly and were found within the cytoplasm of a cell with intact nucleus. The nuclei of the intact cells were deformed by pressure from apoptotic bodies and the margin of someapoptotic cells were darkly bordered (Fig. 6) . The appearance was a previously unreported feature in the cell culture system and suggested to us the engulfment of apoptotic cells (1). Electron microscopy revealed that the encapsu- Fig. 6 . Acridine orange staining of monolayer cells. 3Y1 cells were cultured until a stationary cell density at confluence and cells cultured for 3 days after mediumrenewal were fixed and stained with acridine orange. Note an apoptotic cell (bright fluorescence, arrow) within the cytoplasm of cell with intact nuclei (faint fluorescence). Bar, 3 /mi. lated cells had condensed chromatin as observed in floating cells, showing that the encapsulated cell is an apoptotic body engulfed by a cell with intact nuclei (Fig. 7) . Somecorpuscles bordered with electron lucent materials had vacuolated remnants of nuclei and unclear plasma membrane (Fig. 7) , suggesting that the engulfed corpuscles were digested in the cytoplasm of the intact cell. Theresults showthat the apoptotic cells whichappear after going through the maximumcell density are lost either by being thrown up from the monolayer or by being engulfed by neighboring intact cells to maintain post-confluence stationary cell density.
DISCUSSION
In this report, we have shown that cell death in the process of entering the stationary cell density in rat 3Y1 culture is apoptosis, in terms of morphological criteria and typical DNAfragmentations of floating cells in medium. The apoptotic nuclei and typical DNAfragmentation have been observed not only in floating cells in mediumbut also in cells on the monolayer in a postconfluent state. Furthermore, the majority of the apoptotic bodies in the monolayer have been found within the cytoplasm of intact cells. Phagocytosis of apoptotic bodies has been found in histological sections of healthy adult tissues and has been reported as an important stage of apoptosis by Kerr et al. (1) . They have shownthat apoptotic bodies are phagocytosed by con- shownto have an important role in the reformation of the organoid structure in suspension. But the fate of the encapsulated cells is not known. Hall et al. (26) has reported that monolayers of fibroblasts can selectively phagocytose apoptotic neutrophils. The phenomena suggests that, even in a clonal cell culture, one cell can take over such large structures as whole cells under specific conditions. Transport of extracellular materials into cultured fibroblastic cells via micropinocytotic vesicles is well-known. Some fibroblastic cells have been reported to have large vacuoles containing the imbibed materials (27, 28), and to ingest carmine dye particles (29), collagen (30), mast cell granules (31, 32) and fibronectin-coated (33 , 34) , poly-L-lysine-coated, or UV-irradiated latex beads (35) . It is perhaps not surprising that fibroblastic 3Y1 cells can engulf large structures such as apoptotic bodies. Most of the apoptotic bodies we detected in the monolayerwere within the cytoplasmof the intact cells. Wecould not detect any cells engulfing a cell with an intact nucleus. The apoptotic bodies may have been rapidly and specifically engulfed by neighboring cells, possibly because of rapid changes in the properties of their surface membranes.Thedata showthat density-dependent cell death in rat 3Y1 cells is apoptosis and suggest that apoptosis is one of basic mechanisms in maintaining the post-confluence stationary cell population under routine culture conditions. Density-dependent cell death has been shown to be an important process during adjustment of cell densities in mouse 3T3 cell populations (10) and rat 3Y1 cell populations (20). The present result provides evidence for involvement of apoptosis in density-dependent cell death.
This phenomenonwill in all likelihood occur in some permanent cell lines which exhibit density-dependent inhibition of cell proliferation, "contact inhibition", and not in others which have presumably lost the ability to undergo apoptosis or the ability to engulf apoptotic cells. Wehave previously suggested that decreased cell 
